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Abstract
We explored the relation between neuropsychological (attention tests involving time constraints) and
neurophysiological (N2 and P3 event-related potential (ERP) latencies) indices of slowness of information
processing after closed head injury (CHI). A group of 44 CHI patients performed worse than healthy controls on
most neuropsychological indices, and had significantly longer ERP latencies. Significant correlations between
neuropsychological measures and ERP latencies were found only for the 3 subtasks of the Stroop test. In additional
multiple regression analyses P3 latency appeared the best predictor in Stroop Color only. A possible explanation is
that stimulus evaluation processes comprise a relatively large part of performance on this subtask. In Stroop
Color-Word, response related processes are supposed to play a greater role, reducing the role of the preceding input
related processes. The absence of significant correlations between P3 latency and scores on the other attention tests
suggests a relatively small role of stimulus evaluation processes in these tasks, implying that these tasks are not
sensitive to slowness of these processes. The Stroop test appears to be the only attention test administered in which
slowness in stimulus evaluation processes requiring selective attention contributes significantly to the delay in final
performance on the task. (JINS, 2004, 10, 851–861.)
Keywords: Selective attention, Event-related potentials, Head injury
INTRODUCTION
Slowness of information processing is a major consequence
of a closed head injury of at least moderate severity (Brou-
wer, 1985; Ponsford & Kinsella, 1992; Richard Ferraro,
1996; Spikman et al., 1996; Stuss et al., 1989b). There are
at least two categories of methods for measuring mental
slowness: (1) clinical and experimental neuropsychological
tests; and (2) neurophysiological methods. In this study,
performance on neuropsychological tests that are consid-
ered to tap the selectivity dimension of attention was related
to neurophysiological measurements in order to determine
which brain processes are slowed when behavioral tasks
demonstrate slowness of information processing.
Studies using neuropsychological tests thought to tap
selectivity of attention under time pressure demonstrate
poorer performance in patients than in healthy controls (Pons-
ford & Kinsella, 1992; Spikman et al., 1996; Stuss et al.,
1989b; van Zomeren & Deelman, 1976, 1978). Selectivity
of attention refers to the selection of relevant stimuli in an
environment rich in potentially distracting information.
According to the framework of attention which van Zome-
ren and Brouwer (1994) developed, the selectivity of atten-
tion expresses itself on a behavioral level as focused attention
(the controlled processing of some stimuli at the expense of
others) or as divided attention (the limited amount of atten-
tion must be shared when two or more tasks have to be
performed simultaneously). Both constructs have been oper-
ationalized in different types of neuropsychological tests
and tasks (Spikman et al., 1996). Spikman et al. (2001)
performed a factor analytic study on a series of well known
attention tests to investigate the construct validity of the
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concepts focused and divided attention. The authors con-
cluded that the components found did not match the two
hypothesized aspects of attention and that other factors
affected performance on tests of attention, namely, the trade-
off between speed and control that the subject makes while
performing the task and the amount of structure the task
offers, which influences this trade-off. Since tests differ
with respect to the relative importance of these factors speed,
control and structure, it is more informative to refer to such
tests as tests of selective attention under time pressure. The
poorer performance of moderately to severely injured CHI
patients on this type of task can be explained almost entirely
by a basic slowing of information processing, indicating
that there are no specific deficits in the selectivity aspects
of attention (Ponsford & Kinsella, 1992; Spikman et al.,
1996). This slowness is still present in the chronic stage,
that is, more than 1 year post trauma (Spikman et al., 1999;
Stuss et al., 1989a; Van Zomeren & Deelman, 1976, 1978).
However, the poor performance of CHI patients on neuro-
psychological tests is the final result of slowing in various
mental processes. Because these tests manipulate cognitive
operations rather crudely, they do not allow an analysis of
which aspects of information processing are slowed. There
are several models which explain how information is pro-
cessed. Structural models of information processing are based
on the assumption that information processing can be
described as a series of transformations carried out in fixed
structures, whereas resource models are driven by the notion
of variable activation: processing structures can be selec-
tively activated in order to achieve efficient processing (Kok,
1997). An example of a structural, computational model is
Sternberg’s additive factor model, which divides informa-
tion processing into four discrete stages: stimulus encod-
ing, memory comparison (input stages concerning the
selection of relevant stimuli), decision-making and response
selection (output stages concerning the selection of the
response). According to the additive factor model, these
stages can be manipulated independently. Such manipula-
tions in studies with patients with CHI (Schmitter-
Edgecombe et al., 1992; Shum et al., 1990; Stockx &
Gaillard, 1986) have yielded inconsistent conclusions with
respect to the existence of a locus of slowness and the stage
at which it may be found. Grön (1996) concluded that,
although patients with CHI appeared to be generally slower
in all cognitive operations, this slowness becomes more
evident with increasing task complexity, and therefore, the
output stages of decision making and response selection
seem to contribute more to the slowing of the final RT.
With event-related potential recordings (ERP’s), the elec-
trical activity of the brain associated with various informa-
tion processing operations can be monitored in real time.
ERP’s are influenced by mental processes such as attention
to specific stimulus qualities, the relevance of the stimulus
and the expectation that a particular stimulus will occur.
Kok (1997) states that ERP’s are composed of a sequence
of separate components that overlap to some extent in time.
The latency to the peak of a component is considered as the
time required to activate certain subroutines in the brain,
whereas amplitude variation is usually considered as an
index of variation in intensity of the subroutine (Donchin
et al., 1986a, 1986b; Kok, 1990). Several ERP components
in the latency range between 100 and 600 ms have been
found to be associated with selective attention (Hillyard &
Picton, 1987; Kok, 1997, 2000). The N1 is an early nega-
tive potential which indexes basic processes related to auto-
matic attention and attentional selection and which reflects
the allocation of perceptual resources: its amplitude is larger
for attended stimuli than for stimuli which are ignored (Kok,
1997). The N2 is considered a middle-latency potential,
which reflects perceptual registration following earlier clas-
sification of the stimulus as relevant; its amplitude is thought
to index the effort associated with categorization of the
stimulus (Clark et al.,1992; Rugg et al., 1988). Several
authors (Bokura et al., 2001; Falkenstein et al., 1999, 2002)
consider the N2, elicited in frontal regions by means of a
GoNogo task, as an indication of response inhibition, but
Bruin et al. (2001) concluded that the traditional GoNogo
N2 effect has to be explained in terms of response activa-
tion. This negative phase is followed by a late positive one,
the P3 or P3b, with a latency range of 300– 600 ms depend-
ing on the experimental manipulations. The P3 is usually
larger at the posterior (parietal) scalp sites and is minimal
at the frontal electrode. In so called ‘oddball’ tasks in which
subjects are presented with rare and frequent stimuli in a
random sequence, the P3 is generated by the occurrence of
the rare stimuli, indicating that they have been identified as
a target (Donchin, 1981; Donchin & Coles, 1988; Hillyard
& Kutas, 1983; Hillyard et al., 1995; Kok, 1997, 2000). The
P3 is thought to mark the end of the stimulus evaluation
stages which precede the output stages of response selec-
tion and execution, although in fact response related pro-
cesses can start before stimulus evaluation is finished
(Donchin & Coles, 1988; McCarthy & Donchin, 1981).
Interpretations of the cognitive processes reflected by the
P3 stress that it probably results from a varied set of pro-
cesses including working memory or context updating as
well as selective attention (Picton, 1992).
Campbell and de Lugt (1995) state that while many dif-
ferent processes determine RT latency, only some of them
determine P3 latency. Because it is affected primarily by
stimulus evaluation processes and only minimally by
response related processes, P3 latency is a potential indica-
tor of slowness in the perceptual and evaluative attentional
processes preceding response preparation. Slower task per-
formance accompanied by an increased P3 latency indi-
cates a delay in the selective attentional processes preceding
response selection and preparation. Slower task perfor-
mance in the absence of an increased P3 latency means that
the slowness affects only the response related output
processes.
Few studies have investigated the relationship between
P3 latency and performance on neuropsychological tests
tapping selectivity of attention under time pressure. Since a
delay in P3 latency is thought to reflect a slower evaluation
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of the significance of stimuli, it is relevant to determine to
what extent such a delay affects performance on specific
neuropsychological tests used to predict performance in daily
life activities. Potter et al. (2001) did not find longer P3
latencies in a group of patients with a mild head injury.
However, many studies of neurophysiological processes in
patients with moderate to severe CHI have found that these
patients have longer P3 latencies than healthy controls, which
indicates that stimulus evaluation processes take more time
in seriously injured patients (Clark et al., 1992; Curry et al.,
1996; Mazzini et al., 2001; Reinvang et al., 2000; Sangal &
Sangal, 1996). Keren et al. (1998) found that P3 latency
was related to severity of injury as indicated by the Glas-
gow Coma Scale (GCS) score. In a series of studies (Camp-
bell et al., 1990; Rugg et al., 1988; Unsal & Segalowitz,
1995) it was found that RT differences between patient and
control groups were consistently larger than those found for
P3 latency. Clark et al. (1992) expected a correlation between
RT and the latency of the ERP components N2 and P3
because all measures are indices of speed of information
processing. They found that N2 and P3 latency were corre-
lated with RT in the control group but not in the CHI group,
suggesting a dissociation between the evaluation of stimu-
lus information and the response to that information after
CHI. Potter et al. (2002) investigated the effect of mild
head injury on ERP correlates of Stroop task performance.
They found no evidence of reduced amplitude of N2 or P3b
deflections, but ERP negativity in the latency range of 350
to 450 ms was increased. This was interpreted as a sign of
greater allocation of attention resources on this task. How-
ever, the latencies of the ERP’s were not studied. As far as
we know, no studies have investigated the relationship
between P3 latency and neuropsychological tests in which
speed of processing plays an essential role (other than RT
tasks), in patients with moderate to severe CHI.
The present study describes a group of patients with mod-
erate to severe CHI who were assessed repeatedly with a
series of attention tests in the first year post injury. The
initial deficits and recovery over time on these tests are
described in previous reports (Spikman et al., 1996, 1999).
A major conclusion from the first study pertained to the
presence of specific deficits in focusing or dividing atten-
tion. For each test included, the main test variable, tapping
the focusing or dividing of attention, was controlled for the
influence of slowness of information processing by partial-
ling out a basic test variable. It was found that, compared to
healthy controls, patients with CHI were not specifically
impaired on tests of attention and that their poorer perfor-
mance could be explained in terms of a slowing of infor-
mation processing: they were slower on all attentional test
variables, regardless of the demand on selective attention.
The major conclusion of the second study was that, after 1
year, despite some reduction in mental slowness, patients
were still impaired compared to healthy controls. The present
study concerns the fourth test session, which took place at 1
year post injury when patients were in the chronic stage of
recovery. The aim of this study was to determine whether
slower performance on any of these well known attention
tests was associated with slowness in the N2 and0or the P3.
Since the N2 and the P3 are thought to index the stimulus
evaluation processing stages that precede the response related
stages, this would allow a more specific interpretation of




A group of 44 closed head injured patients, admitted to the
Academic Hospital in Groningen during a 5-year period,
participated in this study. The criteria for inclusion were:
age between 15 and 60 years, no history of previous neuro-
logical or psychiatric disturbance and a primary school edu-
cation. The minimum duration of Post Traumatic Amnesia
(PTA) was 1 day. Mean PTA duration was 6.8 days (SD
6.8; range 1–30 days) indicating moderately severe to very
severe injury according to Russell’s classification (1971).
Glasgow Coma Scale (GSC) scores after stabilization were
documented. About 20% (9 patients) had a score in the
range 6–10, another 20% (9 patients) had a score of 11–12,
and the remaining 60% (26 patients) had a score of 13–14.
Patients were tested in the chronic stage, 1 year post injury.
For logistic reasons there were two different control
groups. The control group for the neuropsychological test
results (C1) consisted of 60 healthy subjects, matched for
age, sex, educational, and professional level. This group
was assessed with the same neuropsychological tests as the
patient group. A second control group (C2) consisted of 36
healthy subjects (20 men and 16 women, who functioned as
controls for the ERP data. Their mean age was 35.7 year
(SD 12.6; range 19– 67).
The mean age of the patients was 29.8 years (SD 12.6;
range 16–59). The mean age of the control subjects in C1
was 28.5 years (SD 12.1; range 15– 61). Educational and
professional level were both measured on a 7-point scale;
the higher score was taken as the best measure for the level
of functioning (LOF). The mean score of the patients was
5.0 (SD 1.1; range 3–7) and of the control subjects 5.1 (SD
1.1; range 3–7). Sixty-four percent of the patient group and
60% of the control group was male. Statistical testing
(Mann-Whitney U and chi-square tests) showed no differ-
ence between the patient group and C1 with respect to
age, sex, and level of functioning. However, there was a
significant difference between the patient group and C2
with respect to age. With regression analyses the influence
of age was calculated for both N2 and P3, and it appeared
that age was a significant predictor for P3 only (r 5 .41,
t 5 2.6, p , .05). The regression formula is given in the
following section.
Materials and Procedure
The present report concerns one part of a longitudinal study
investigating a broad range of cognitive functions after CHI.
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The study focused on measures of attention. Patients were
tested repeatedly with the same battery in the 1st year post
trauma. A healthy control group (C1) was tested at the same
intervals. The ERP’s were recorded during the fourth test
session, which took place 12 months post injury (in the
chronic stage) for the patient group. A previous study (Spik-
man et al., 1999) of retest effects due to repeated testing
with the same battery had shown that, even when corrected
for retest effects, significant differences between patients
and controls persisted to the fourth test session.
The tests included were the following:
The Stroop Color-Word Test (Stroop, 1935)
The test was designed to assess the presence of focused
attention deficits. It consists of three subtasks: reading 100
printed color names (Stroop Word), naming the colors of
100 printed blocks (Stroop Color), and naming the colors of
100 words that are themselves color names (Stroop Color–
Word). The first two subtasks address well trained response
tendencies and do not require much controlled attention.
The third however does, because the automatic tendency to
read the words has to be suppressed in order to name the
colors. This requires careful processing of the correct aspect
of the stimulus. Thus, focused attention is operationalized
with this paradigm as response interference. The task is
considered to be memory driven since the subject has to
keep the purpose of the task constantly in mind in order to
counter the automatized tendency to read the words (Spik-
man et al., 2001). The task offers little structure, because its
purpose is not directly indicated by the task stimuli. It there-
fore requires a relatively high degree of conscious atten-
tional control. The subject is instructed to perform the task
as quickly as possible. The test performance is expressed in
time in seconds needed for each subtask, yielding three
variables, STW, STC and STCW, respectively. Error scores
were not recorded.
The Paced Auditory Serial Addition Task
(PASAT) (a modification of the PASAT
of Gronwall & Sampson, 1974)
The PASAT is often referred to as a divided attention test
because it addresses the ability to perform different sub-
tasks simultaneously. In this study, a simple version was
used in which tape-recorded one-digit numbers (ranging
from 1– 6) are presented at a fixed rate (paced). Subjects
are required to add every pair of successive numbers and to
give the answer immediately. This requires dividing atten-
tion between listening to stimuli, storing numbers in long-
term memory, performing mental operations and responding.
On the basis of a previous study (Spikman et al., 2001) the
task is considered to be mainly memory driven, since the
subject has to keep in mind constantly which operations
have to be performed on the stimuli. However, the opera-
tions themselves (adding up two one-digit numbers in the
range from 1– 6) are so simple and well learned that these
can be said to proceed automatically. An important com-
ponent of correct task performance is the updating of work-
ing memory after each transformation in time to perform
the next transformation, and it is this mental operation that
requires conscious attentional control. The different sub-
tasks involved (listening, storing, etc.) will overlap more
when the rate of presentation is increased, which increases
the task load. The task was presented at five different rates
with interstimulus intervals of 3.2, 2.8, 2.4, 2.0 and 1.6 s,
respectively. In each condition the subject is required to
add 60 pairs of numbers. The dependent variable is the
number of correct answers, with a maximum of 60 per
subtask. The first condition was considered an extended
practice condition. The last condition, with the smallest
ISI and thus the most time pressure, was conceived as the
best index of divided attention (see also Spikman et al.,
1996). Conditions 2, 3 and 4 were grouped together,
because, in this previous study, scores of patients and con-
trols differed to the same extent in each of these condi-
tions. The task thus yields three scores, PAS1, PAS2-4 and
PAS5, respectively.
The Reaction Time Task (Van Zomeren, 1981)
This visual manual reaction task is extensively described
by van Zomeren (1981). The apparatus was designed to
enable reaction time to be split up into a decision compo-
nent and a movement component. The decision time,
recorded in milliseconds was taken as an index of speed of
information processing. The instruction stresses the essence
of the task: “React as quickly as possible.”
The task consists of four conditions administered in the
sequence described below. In each of the visual conditions,
a subject has to depress a central button until one of eight
target lights (push buttons themselves) is presented. The
subject must then release the central button and switch the
target light off by depressing it. The interval between the
moment that the target lights up and the moment the subject
releases the button is the decision time. In the standard
four-choice condition, the subject has to react to one of four
possible target lights that are presented in a random sequence
of 28 trials.
• In the distraction condition, the target lights are the same
as in the four-choice condition, but this time the remain-
ing four lights act as distractors. One distractor may light
up simultaneously with one of the targets. The subject
must inhibit the response to the non-target, and depress
the target light. This task taps the ability to focus atten-
tion on a selective set of stimuli. However, attention must
be directed not to an intrinsic aspect of a stimulus, but to
its location. The subject has to determine the location of
the target and the direction of the response, but not the
response itself (depressing a button). The task thus pro-
vides considerable structure and hence can be considered
to be mainly stimulus-driven, requiring little conscious
attentional control.
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• As a control condition for the subsequent dual-task, a
simple auditory pedal reaction task, in which the subject
has to react to 1400 Hz tones by pressing a foot pedal,
was administered.
• The dual-task consists of the visual four-choice basic task
combined with the simple auditory pedal reaction task.
The subject does not know in advance whether the stim-
ulus will be a light or a tone, and must switch quickly
between two response modes, which taps the ability to
divide attention between two different subtasks. The flex-
ibility of response can be said to be stimulus-driven,
because the task offers so much structure that it requires
little conscious attentional control.
The measures analyzed were the medians of the reaction
times in each of the conditions. In the dual task, the medi-
ans of both subtasks were summed to provide a single score.
This resulted in the following variables: RT4, RTDIS, RTD-
UAL, and RTA, respectively.
The Trailmaking Test (Reitan, 1958)
This is a paper and pencil test designed to measure the
speed of visual search and memory driven flexibility. The
test consists of two versions. In the simple version, A,
the subject has to draw an uninterrupted line between a
series of randomly distributed circles, numbered from 1–25,
in ascending order. In Version B, both numbers and letters
are used to designate the circles and the subject has to alter-
nate between the two types of stimulus in ascending order.
Version B is often considered a measure of set switching,
because the subject has to switch between two response
modes and therefore attention has to be divided between
two mental tracks. In both versions, the instruction is: “Per-
form the task as quickly as possible.” The dependent vari-
ables are the times to finish each of the versions, called
TMT–A and TMT–B, respectively.
Event-related potentials (ERP’s)
ERP’s were recorded during an auditory task. Stimuli were
presented according to an oddball paradigm in which a
1000-Hz tone occurred on 80% of trials and a 2000-Hz tone
occurred on 20% of trials, in random order. Tone bursts
(50 ms duration with 10 ms rise and fall times) at 65 dB HL
were presented binaurally every 1.5 seconds through ear-
phones. Subjects were instructed to count rare tones and to
ignore frequent tones. Furthermore, they were instructed to
keep their eyes open to minimize blinking or eye move-
ments. Rest periods were provided between test runs as
appropriate. After each run, patients reported the number of
rare tones they had heard. Counting accuracy was defined
as the difference between the total number of targets reported
by the subject and the total number of targets administered.
Counting accuracy varied from 0.92–1.14 with a mean of
1.00 and a SD of 0.044. Electroencephalograms were
recorded from scalp electrodes placed at Fz, Cz, and Pz
(according to the International 10–20 Electrode System)
and were referenced to linked mastoids. Electrodes above
and below the right eye were used to monitor eye move-
ments. Sweeps in which the electro–oculographic activity
exceeded a preset criterion were automatically rejected.
Evoked potentials were averaged separately for the rare and
frequent tones. In total, three blocks of 100 tones were admin-
istered. In cases of frequent blinking the block was repeated
until a total of at least 25 blink-free target segments was
obtained over all blocks. Segments with blinks were excluded
from further analysis, artefact rejection was set at 10 mV.
The responses were amplified with filters set at 0.2 and
30 Hz and were averaged separately for rare and frequent
tones. Analysis time was 580 ms including 40 ms of pre-
stimulus baseline. The interstimulus intervals were 1.5 s
with 750 Hz sample frequency. The control group consisted
of 36 healthy subjects with a mean age of 35.7 year (SD
12.6, range 19– 67 years). P3 latency was considered abnor-
mal when it exceeded the age-adjusted P3 latency 1 2 SD
[regression equation 5 283 ms 1 0.68 3 age (SD 5 19)]. In
the control group mean P3 latency was 306.8 (SD 21.0,
range 258–357) and mean N2 latency was 206.0 (SD 19.8,
range 154–261). Typical recordings for CHI patients and
normal controls are shown in Figures 1a and 1b.
Component analysis: N2 and P3 components were ana-
lyzed in accordance with recommended standards (Goodin
et al., 1994). P3 was defined as the largest positive peak
occurring after the N1, P2, and N2 components that increased
in amplitude from the frontal to parietal scalp areas after
250 ms. In case of bifurcated peaks, the second peak with a
centroparietal maximum was selected for P3 latency deter-
mination. N2 was identified as the last negative component
recorded with maximal amplitude on the midcentral and
parietal regions preceding the P3 component. The N2 and
P3 recordings were evaluated by an experienced neurophys-
iologist unaware of severity of injury or outcome of patients.
RESULTS
Table 1 shows the mean scores of the patient and control
groups on each of the attention test variables. T tests were
applied to determine the significance of the differences
between the groups. Levene’s test for equality of variances
was applied to test the homogeneity of variance in the two
groups. It was significant for PAS2-4, RT4 and TMT–A.
Although the mean performance of the patient group on all
measures appeared to be poorer than that of the controls,
one-tailed t tests revealed that only the scores on the Stroop
test, the RT four-choice task, the RT–dual task, and both
parts of the Trailmaking test differed significantly. Because
all tasks were performed under time pressure, this indicates
that at 1 year posttrauma, patients are still slower than
healthy controls. In order to appreciate the magnitude of
the differences, effect sizes are shown: medium to large
effect sizes are found for STW, STC, RT4 and TMT–A.
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In the patient group, the mean N2 latency was 234.1 (SD
29.2, range 171–309) and the mean P3 latency was 346.1
(SD 30.3, range 287– 421). These were significantly slower
than in the control group: mean N2 latency 206.0 (SD 19.8);
mean P3 latency 306.8 (SD 21.0) ( p , .001). This indicates
that, 1 year post trauma, the N2 and P3 deflections of the
ERP’s have longer latencies in patients with CHI than in
healthy controls.
Table 2 shows the correlations of N2 and P3 latency with
the scores on the neuropsychological tests. The correlations
Fig. 1a. P3 recording of a healthy control with a P3 latency of 295 ms. Plotted lines represent non-target tones and
straight lines are target tones. X-axis 5 time (s) and Y 5 P3 latency (mV).
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between PTA and both the ERP’s and the neuropsycholog-
ical test scores are also shown. Except for the three Stroop
variables, no significant correlations were found between
ERP latencies and neuropsychological test scores. Even the
tests with auditory stimuli did not correlate significantly
with the ERP latencies, also elicited in an auditory task.
With respect to the Stroop variables, the Stroop Word and
Stroop Color subtasks correlated more strongly with P3
than with N2. The correlation of the Stroop Color-Word
subtask with P3 was lower than those of the Stroop Word
Fig. 1b. P3 recording of a patient with a P3 latency of 390 ms. The patient was a 35-year-old male, who had a PTA
duration of 10 days. Plotted lines represent non-target tones and straight lines are target tones. X-axis 5 time (s) and Y 5
P3 latency (mV).
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and Stroop Color with P3, and was approximately equal to
its correlation with N2. PTA correlated significantly with
P3, but not with N2. Furthermore, significant correlations
with PTA duration were found for all three Stroop vari-
ables, for all variables of the PASAT, for the RTA and for
the TMT–A.
Both N2 and P3 latencies correlated with performance
on the Stroop test variables. Multiple regression analyses
were carried out to determine the relative contributions of
the ERP’s to performance on the Stroop test. PTA was also
included as a predictor. Stroop Color was also included as a
predictor in the analysis of Stroop Color-Word, because the
two subtasks tap, to a large extent, the same cognitive pro-
cesses (see also Spikman et al., 1996).
In Table 3, the regression equations for Stroop Word,
Stroop Color and Stroop Color-Word respectively are shown.
Only PTA duration contributed significantly to the perfor-
mance in the Stroop Word condition, explaining 31% of the
variance. The best predictor of performance in the Stroop
Color condition was P3 latency, but PTA also contributed
significantly. Together they explained 44% of the variance.
Finally, Stroop Color score contributed significantly to per-
formance on the Stroop Color-Word subtask, explaining 66%
of the variance. The indirect effect of P3 latency has to be
taken into account here. P3 latency made a significant con-
tribution in the prediction of Stroop Color. This means that
the significant direct negative contribution of P3 to the pre-
diction of Stroop Color reduces the indirect positive contri-
bution of Stroop Color slightly. The remaining variance can
be conceived as representing at least partly the specific
interference effects of the Stroop Color-Word subtask.
DISCUSSION
One-year post-injury patients with CHI performed more
poorly than healthy controls on several neuropsychological
tests tapping the selectivity of attention under time pres-
sure. This is consistent with conclusions from earlier stud-
Table 1. Performance of patients and controls on the attention tests and comparisons











STW 44.0 (6.5) 39.4 (5.8) 0.75 ***
STC 55.6 (9.2) 49.5 (7.4) 0.73 ***
STCW 81.8 (16.3) 75.7 (13.0) 0.41 *
PASAT (no. correct)
PAS1 57.6 (3.8) 58.3 (3.2) 0.20 n.s.
PAS2-4 165.0 (18.2) 170.1 (11.5) 0.35 n.s.
PAS5 48.5 (9.3) 50.7 (8.8) 0.24 n.s.
RT-Medians (ms)
RT4 351.8 (37.0) 333.5 (36.4) 0.50 **
RTDIS 445.3 (60.3) 424.5 (82.1) 0.29 n.s.
RTDUAL 791.5 (93.4) 754.2 (102.7) 0.38 *
RTA 290.5 (42.7) 276.6 (46.9) 0.31 n.s.
Trailmaking Test (s)
TMT–A 27.9 (10.6) 21.3 (6.1) 0.79 ***
TMT–B 56.7 (22.8) 46.8 (13.9) 0.58 **
***p , .001, **p , .01, *p , .05.
Table 2. Pearson correlations for the patient group between N2











STW .28 * .47 ** .48 ***
STC .29 * .59 *** .54 ***
STCW .28 * .30 * .35 **
PASAT (no. correct)
PAS1 .09 n.s. 2.17 n.s. 2.47 **
PAS2-4 .10 n.s. 2.10 n.s. 2.27 *
PAS5 .07 n.s. 2.13 n.s. 2.36 **
RT-Medians (ms)
RT4 2.02 n.s. 2.06 n.s. .03 n.s.
RTDIS 2.07 n.s. .17 n.s. 2.06 n.s.
RTDUAL 2.06 n.s. .18 n.s. .05 n.s.
RTA 2.01 n.s. .25 n.s. .46 *
Trailmaking Test (s)
TMT-A 2.07 n.s. .12 n.s. .26 *
TMT-B 2.05 n.s. .22 n.s. .20 n.s.
PTA .18 n.s. .49 ***
***p , .001, **p , .01, *p , .05.
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ies (Spikman et al., 1996, 1999) and is considered to provide
evidence for slowness of information processing in the
chronic stage of recovery. Furthermore, severity of injury,
as indicated by PTA duration, was associated with the Stroop
scores, the PASAT scores and TMT–A. This indicates that,
even for the PASAT scores, which did not differ signifi-
cantly across the groups, severity of injury was related to
poorer performance in patients. Apparently the PASAT can
still be considered sensitive to the consequences of CHI at
1 year post trauma.
PTA duration was not found to be related to N2 latency,
which is an indication of detection of a potentially relevant
stimulus. However, it was associated with P3 latency, which
marks the identification of targets requiring responses, pre-
ceding the output stages of decision making and response
preparation. The finding that both N2 and P3 latency were
increased in patients with CHI, but that only P3 latency was
correlated to PTA duration, means that CHI in general affects
these later stages of information processing, but that sever-
ity of injury influences P3 latency only. The significant
correlations of N2 and P3 latency with the Stroop test scores
show that slowing of stimulus identification and evaluation
processes can only be demonstrated with this test and not
with the other attention tests. Both ERP’s were elicited in
an oddball task, in which infrequent stimuli had to be detected
and identified as targets, leading to a (covert) response
(counting the targets silently). In the Stroop Word and Stroop
Color subtasks, the stimuli are names of colors or colors
themselves, which have to be read or named, respectively.
The mental operations that have to be performed on the
stimulus in order to find the correct response involve only
the transfer from a visual to a verbal representation and do
not require additional operations. These stimulus identifi-
cation processes were found to be particularly slow in the
Stroop Color subtask, which showed the highest correlation
with P3 latency of all three Stroop scores and was most
strongly predicted by P3 latency in the regression analysis.
Probably, reading a color name is more automatized and
thus requires less selective attention to be directed to stim-
ulus identification than does naming a color, which takes
more identification time as indicated by P3 latency.
Nevertheless, these findings suggest that in both subtasks
selective attention directed to output processes (response
preparation and execution) makes up a relatively small part
of the whole process.
However, it seems strange that the Stroop Color-Word
subtask, a test that specifically requires attention to be
focused on the evaluation of a single stimulus aspect, cor-
related least strongly with P3 latency. The regression analy-
sis demonstrated that the Stroop Color score was a highly
significant predictor of Stroop Color-Word score. The effect
of P3 latency is taken into account in the effect of Stroop
Color score, which means that P3 latency contributed indi-
rectly to the prediction of Stroop Color-Word score. In
addition, P3 latency made a small, significant negative con-
tribution to the prediction, which slightly reduced the indi-
rect positive contribution of Stroop Color. This means that
the total contribution of P3 latency to the prediction of the
Color-Word score is smaller than its contribution to the Color
score. The significance of Stroop Color as a predictor dem-
onstrates that the Color-Word subtask is very similar to the
Color subtask because both tasks involve naming colors.
However, the Color-Word subtask also includes an interfer-
ence component because each of the stimuli whose color
must be named, is printed in another color. Apparently, the
interference does not slow the stimulus identification pro-
cesses, which would have been visible in a stronger corre-
lation with P3 latency. Rather, it mainly affects the duration
of the output processes, which is seen in slower scores on
the Color-Word subtask than on the Color subtask. This is
consistent with the results of a study by Warren and Marsh
(1979) with healthy subjects. They demonstrated that the
interference effect of the Stroop Color-Word subtask was
mainly attributable to response incompatibility, rather than
to perceptual interference, because P3 latency was the same
for the Color and for the Color-Word subtask, but the time
required to perform the tasks differed significantly. This
shows that subjects did not have difficulty identifying the
stimuli in the Color-Word subtask as colors, so that their
slower performance must be due to slowness in the selec-
tion of the correct response. It also shows that, in tasks
requiring selective attention to be mainly directed to more
complex output processes, the delay in the preceding per-
ceptual processes becomes relatively smaller. This in turn
might explain why no significant correlations were found
between the ERP’s and the other attention tasks. In most of
these tests, rather complex operations have to be performed
on stimuli to find the correct response. For example, the
PASAT requires an arithmetic operation applied to the ini-
tial stimuli, in order to find the correct response. These tests
Table 3. Results of the multiple regression of Stroop Word
and Stroop Color with PTA duration, N2 and P3 latency as
predictors, and of Stroop Color-Word with Stroop Color,
PTA duration, N2 and P3 latency as predictors
Variable R 2 F Significance b T Significance
Stroop Word
Regression .31 6.8 p , .01
PTA .33 2.2 p , .05
N2 .12 .9 n.s.
P3 .26 1.6 n.s.
Stroop Color
Regression .44 10.3 p , .001
PTA .33 2.5 p , .05
N2 .07 .5 n.s.
P3 .40 2.7 p , .01
Stroop Color-Word
Regression .66 19.3 p , .001
Stroop Color .93 7.5 p , .001
PTA 2.04 2.4 n.s.
N2 .13 1.2 n.s.
P3 2.28 22.2 p , .05
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may therefore draw less heavily on the selective attention
processes involved in stimulus evaluation than on those
involved in the preparation of a response to the stimuli.
This suggests that slowness on this type of attention test
can be explained almost entirely by slowness in the output
related stages of information processing involved in the
preparation and execution of a response.
In conclusion, CHI thus affects the input stages of infor-
mation processing related to identification and evaluation
of a stimulus which are reflected in increased N2 and P3
latencies. Severity of injury affects P3 latency only. Heinze
et al. (1992) conceive N2 as an exponent of parallel, auto-
matic information processing reflecting feature analysis of
the stimulus, whereas P3 is conceived to be an exponent of
serial, controlled information processing reflecting feature
conjunction and target identification. In their study they
also found increased latencies of ERP measures in patients
with chronic CHI. This was interpreted as an indication of
CHI induced dysfunctions in both parallel, automatic and
serial, controlled perceptual processes. Timmerman and
Brouwer (1999) explain mental slowness in patients with
CHI in terms of impaired access to declarative memory.
This is the result of decreased strength of association between
conceptual nodes of neuronal networks due to diffuse lesions
of white matter. In their study, they convincingly demon-
strated that the slower retrieval from declarative memory
affects both early automatic as well as controlled selective
attentional processes.
However, the slowness in the stimulus evaluation pro-
cesses can only be demonstrated with neuropsychological tests
or tasks that draw mainly on these processes and do not require
a great deal of attention to be directed to response related out-
put processes. When tasks require selective attention to be
directed largely to output related processes, slowness in these
processes appears to be the major determinant of the general
slowness in information processing. Thus, tasks that tap out-
put related processes in particular tend to mask the increased
duration of the preceding input related stages. Our results
appear to confirm the conclusions of Grön (1996). Patients
with CHI in the chronic stage are slower in both the input and
the output related stages of information processing. How-
ever, in tasks requiring complex operations to be performed
on stimuli, the output related stages involved in the prepara-
tion and execution of the response contribute most to the slow-
ing of the final reaction time.
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